The octamer-binding transcription factor 4 (Oct4) and sex-determining region Y (SRY)-box 2 (Sox2) proteins induce various transcriptional regulators to maintain cellular pluripotency. Most Oct4/Sox2 complexes have either 0 base pairs (Oct4/Sox2 0bp ) or 3 base pairs (Oct4/Sox2 3bp ) separation between their DNA-binding sites. Results from previous biochemical studies have shown that the complexes separated by 0 base pairs are associated with a higher pluripotency rate than those separated by 3 base pairs. Here, we performed molecular dynamics (MD) simulations and calculations to determine the binding free energy and per-residue free energy for the Oct4/Sox2 0bp and Oct4/Sox2 3bp complexes to identify structural differences that contribute to differences in induction rate. Our MD simulation results showed substantial differences in Oct4/Sox2 domain movements, as well as secondary-structure changes in the Oct4 linker region, suggesting a potential reason underlying the distinct efficiencies of these complexes during reprogramming. Moreover, we identified key residues and hydrogen bonds that potentially facilitate protein-protein and protein-DNA interactions, in agreement with previous experimental findings. Consequently, our results confess that differential spacing of the Oct4/Sox2 DNA binding sites can determine the magnitude of transcription of the targeted genes during reprogramming.
Introduction
Reprogramming of human somatic cells into induced pluripotent stem cells (iPSCs) will assist in the development of several disease-specific treatments [1] . The generation of iPSCs from somatic cells involves 4 transcription factors, namely, octamer-binding transcription factor 4 (Oct4), sex determining region Y (SRY)-box 2 (Sox2), Kruppel-like factor 4 (Klf4), and the cellular myelocytomatosis oncogene (c-Myc). Among these factors, Oct4 and Sox2 are the major contributors for stem cell reprogramming [1] . Oct4 is a developmental regulator capable of coordinating an array of developmental processes, ranging from the establishment of the embryonic pluripotent ground state to terminal differentiation [2] . Sox2 is crucial for maintaining the pluripotency of undifferentiated embryonic stem cells, such as neural stem cells [3] .
Binding of Oct4 and Sox2 to DNA occurs in a sequence-specific manner [3] , with Oct4 binding to ATGC(A/T)AAT DNA sequences and Sox2 binding to C(T/A)TTGTT sequences [4] .
"Oct4" refers to isoform OCT4A encoded by the POU domain, class 5 transcription factor 1 (POU5F1) gene, which is positioned on chromosome 6 in the human genome [5] . Oct4 consists of a POU-specific domain (POU S ) with 4 α-helices (75 amino acids) and a POU-homeodomain (POU HD ) with 3 α-helices (60 amino acids) [6] . These 2 domains are connected by a linker region of variable length (approximately 17 amino acids in length) [7] . The linker region of Oct4 forms an α-helical structure in contrast to the unstructured linker region of other POU-family proteins, which makes Oct4 unique in the reprogramming process [6, 7] . Experimental data suggests that the linker region mediates the transformation of somatic cells into pluripotent cells [7] .
Sox2 was determined from SRY proteins and is a member of the SoxB1 family [3] . SoxB1 family members contain a short N-terminal domain, a high-mobility group (HMG) box domain, and a long C-terminal sequence [8] . The DNA-binding HMG box domain of Sox2 recognizes the minor groove of DNA [3] . The Sox family of transcription factors plays widespread roles in embryonic development; however, Sox2 binding to DNA alone does not initiate transcription, but requires a binding partner at an adjacent site on the targeted DNA [3] .
Oct4 can bind to DNA as a monomer, a homodimer, or a heterodimer with other transcription factors such as Sox2 [9] . Although Oct4 and Sox2 play independent roles in determining other cell types, they can promote cell reprogramming through a cooperative interaction between the two proteins, which drives the transcription of target genes [3, 8] . The known target genes of Oct4/Sox2 heterodimers include fibroblast growth factor 4 (Fgf4), undifferentiated embryonic cell transcription factor 1 (Utf1), F-box protein 15 (Fbxo15), as well as Sox2 and Pou5f1 (the gene encoding Oct4) themselves [9, 10] . The interaction interface between the POU S domain of Oct4 and the HMG domain of Sox2 in DNA-bound heterodimers differs depending upon the number of base pairs between their respective DNA-binding sites [11] . The α1 helix of Oct4 and the α3 helix of Sox2 interact with each other after binding to the Utf1 promoter, where no base pairs separate the Oct4 and Sox2 binding sites [11] . In the case of the Fgf4 promoter element, 3 base pairs are interspersed between the Oct4 and Sox2 binding sites, which results in an Oct4/Sox2 interaction interface involving the C-terminal loop of Sox2 and the α1 helix of Oct4 [11, 12] . Oct4/Sox2 interactions with DNA in biological systems are considered important in reprogramming processes [13] .
Molecular dynamics (MD) simulations provide in-depth details regarding the motions of individual atoms of biological macromolecules in an appropriate time scale [14, 15] . MD simulations together with binding free energy calculations can provide a quantitative prediction of protein-DNA binding energies [15] . In this study, the structural and functional behavior of Oct4/Sox2 0bp (0 base pairs separating the Oct4 and Sox2 DNA-binding sites) and Oct4/ Sox2 3bp (3 base pairs separating the Oct4 and Sox2 DNA-binding sites) complexes were characterized using MD simulations, principal component analysis (PCA), and dynamic cross-correlation mapping (DCCM). The conformational domain movements of the Oct4 and Sox2 proteins, as well as the secondary structural changes in the Oct4 linker region may cause the complexes to show different activities during the reprogramming process. Curves+ software was used to analyze potential conformational changes occurring in the DNA during Oct4/Sox2 binding. Moreover, binding free energy and per-residue decomposition calculations were performed through molecular mechanics Poisson-Boltzmann surface area (MM/PBSA) determinations and used to characterize the stabilization of protein-DNA interactions.
Materials and Methods

Initial structures
The crystal structures of the Oct1/Sox2/Hoxb1 element [12] (PDB ID: 1O4X), Oct1/Sox2/ FGF4 [11] (PDB ID: 1GT0), and Oct4/PORE/DNA [7] (PDB ID: 3L1P) were obtained from the Protein Data Bank (PDB). The missing residues (87-89) in the linker region of the Oct4 crystal structure were built into the Oct4/PORE/DNA structure, as described previously [16] , and a final model was chosen based on the random forest-based protein model quality assessment (RFMQA) score [17] . The homologous Oct1 and Oct4 transcription factors possess similar DNA-binding specificities [18] . Hence, we modeled these two complexes, (Oct4/Sox2 0bp and Oct4/Sox2 3bp ) by superimposing Oct4 with Oct1 in 1O4X and 1GT0 complexes, followed by the removal of Oct1 proteins. The modeled Oct4/Sox2 0bp and Oct4/Sox2 3bp complexes were further subjected to energy minimization by steepest descent and conjugate gradient, using chimera in order to remove steric clashes generated during structure modeling. Structural inconsistencies were removed by adding hydrogen atoms and partial charges using the Dock Prep application with AMBER force field parameters. The steepest decent with 5000 steps was determined for highly unfavorable clashes, followed by conjugate-gradient calculations with 10,000 steps to reach an energy minima by removing the clashes [19] . For simplicity, we considered two proteins (Oct4 and Sox2) as a single molecule during the simulations. The residues were numbered from 1 to 152 for Oct4 and from 153 to 232 for Sox2. DNA was considered as a separate molecule, and the base pairs were numbered from 1 to 19 for the Oct4/Sox2 0bp complex, and from 1 to 22 for the Oct4/Sox2 3bp complex.
MD simulations
MD simulations for both complexes (Oct4/Sox2 0bp and Oct4/Sox2 3bp ) were performed with GROMACS 4.6 [20] at neutral pH, using an improved Amber-ff99SB-ILDN force field [21] . The improved force field introduced corrections for DNA, the protein backbone, and the amino acid side chains [22] . The system was solvated with TIP3P water model in a truncated octahedron box using a distance of 1 nm between the complex and the edge of the box. The dimensions of the boxes were 10 × 9 × 8 nm for the Oct4/Sox2 0bp complex and 11 × 10 × 9 nm for the Oct4/ Sox2 3bp complex. The Na + and Cl -ion concentrations were maintained at 150 mM. The LINCS algorithm [23] was used to constrain all bonds, including those of hydrogen atoms. The Particle Mesh Ewald (PME) [24] method was used to evaluate electrostatic interactions. Except for van der Waals interactions, all cutoffs were set to 0.9 nm throughout the simulation. The system was equilibrated under constant temperature (300 K) using V-rescale [20] , and pressure (1 bar) for 100 ps, using the Parrinello-Rahman method [20] . MD simulations were performed for 250 ns for each complex under NPT ensemble. The atomic coordinates were saved every 2.0 ps and, thus, 125,000 structures were collected with each system for further analysis.
Principal component analysis (PCA)
A vivid picture of the complete and correlated motions of atoms in the protein-DNA complex was obtained by PCA. This method was based on constructing a covariance matrix of complex sets of variables [25] [26] [27] and was used to reduce the higher-dimension data to extract meaningful information from the protein-DNA complex throughout the simulation. The ensemble formula used to obtain a covariance matrix with elements C ij for coordinates i and j is given as:
where, x i and x j are the mass-weighted Cartesian coordinates of the atoms present in the system. Angular brackets "h i" represent the time average. The eigenvectors represent the direction of the coordinated motion of atoms, and the eigenvalues represent the magnitude of the motion along the movement direction [26] . The dynamic motion of atoms in a complex was calculated from their trajectories to define the structural changes of the complex observed during the simulation.
Dynamic cross-correlation map (DCCM)
A DCCM was generated and used to calculate the time-correlated atomic motion of the system [28, 29] . We selected the last 900 snapshots (involving only Cα atoms) at 2.0 ps intervals and subjected them to DCCM analysis. This analysis revealed the largest motions within the system. The DCCM map was calculated as follows [29] :
where, Δr i and Δr j are the displacements from the mean position of i-th and j-th atom, respectively. The angular brackets "h i" represent the time average over the entire trajectory. C ij returned either positive or negative values (real numbers). Positive values represented a correlated motion between residues i and j, and negative values represented anti-correlated motions between residues i and j [28, 29] . The DCCM map was constructed using the 'bio3d' module of the R base analysis tool [30] .
Binding free energy calculations
The MM/PBSA method was used to calculate the free energies of molecules in solution including those related to protein-protein, protein-ligand, and protein-DNA binding, which enables analysis of the stabilities of different forms of DNA and RNA molecules [31] . We used open source AMBERTools package (MMPBSA.py) [32] to perform binding free energy calculations and per-residue free energy decompositions. The per-residue free energy decompositions were used to evaluate the contribution of each residue to the total binding free energy of the complex [33] . The energy constituents included molecular mechanics (MM), electrostatic contributions to solvation (PB), and nonpolar contributions to solvation (SA). The binding free energy for protein-DNA complexes was calculated based on the following equation [15, 32] :
where, ΔG complex represents the free energy of a DNA-protein complex, and ΔG protein and ΔG DNA are the free energies of protein and DNA, respectively. The vacuum-potential energy, E Molecular-Mechanics , includes the energies of both bonded and non-bonded interactions and is calculated based on the molecular mechanics force field parameters [34] , as shown below:
where, E Molecular-Mechanics represents the gas-phase energy, E bonded represents bonding interactions consisting of the bond, angle, dihedral, and improper interactions. Non-bonded interactions, E non-bonded , include both electrostatic and van der Waals interactions. In the MM/PBSA approach, the solvation free energy was calculated using an implicit-solvent model. The solvation free energy is given by the following equation:
where, ΔG Polar and ΔG Non-polar are the electrostatic and non-electrostatic contributions to the solvation free energy, respectively. The electrostatic term, ΔG Polar , is estimated by solving the Poisson-Boltzmann (PB) equation. The non-polar solvation energy, ΔG Non-Polar is separated into attractive (dispersion) and repulsive (cavity) interactions.
DNA conformational analysis
Curves+ is a widely used nucleic acid conformation-analysis program, which is applicable to canonical or modified bases and backbone structures [35] . The program enables a comprehensive analysis of DNA structures, base pair parameters, and backbone and groove parameters [35] . A simple matrix-based scheme was used to calculate the complete set of parameters to characterize the orientation and displacement of the base pairs and base pair steps of DNA structures. In addition, this program was used to analyze the MD trajectories.
Prediction of Oct4/Sox2 binding sites on target genes
The differential spacings between Oct4 and Sox2 DNA-binding sites have been predicted for some target genes [9, 36, 37] . Possible binding-sequence preferences for the Oct4 and Sox2 proteins were retrieved from the JASPAR database [38] .
Preferential binding sequences for Oct4 and Sox2 was identified as [AT]TG[CT][AT][AC][AT][TA] and [CT][TC]TT[GC]T[TC]
, respectively. The sequences in the square brackets represent possible bases at the preferred binding sites. The sequence manipulation suite (SMS) [39] was used to predict the preferential binding sites of Oct4 and Sox2 and to determine the differential spacings between them. The gene-promoter sequence and preferential binding patterns were given as input to predict the Oct4 and Sox2-binding sites in target genes, as described previously [39] . The UCSF Chimera [19] and Visual Molecular Dynamics [40] packages were used for visual assessment of the trajectory files and to generate images. The DNA-parameter graphs were generated by Matplotlib, and MD simulations were performed using a Dell PowerEdge server with a CentOS6 GNU/Linux operating system.
Results
Evaluation of the stability of the Oct4/Sox2 0bp and Oct4/Sox2 3bp complexes
The Oct4/Sox2 0bp and Oct4/Sox2 3bp complexes were generated by superimposition of Oct4 with Oct1 in the 1O4X and 1GT0 crystal structures, respectively. The dynamic behavior and structural adaptation of Oct4/Sox2 0bp and Oct4/Sox2 3bp were analyzed by MD simulation. The final snapshot obtained at the end of the simulations was considered to show a representative structure of all models that were further subjected to energy minimization and consequently used for analysis. The stability of the complexes was measured by root mean square deviations (RMSDs) of the backbone atoms relative to the initial structure. The RMSD of the Oct4/Sox2 0bp complex indicated that the complex fluctuated from 0.4 to 0.2 nm until it reached an equilibrium state at 50 ns. The complex was stable thereafter, and the stability was maintained throughout the simulations ( Fig 1A) . For the Oct4/Sox2 3bp complex, the RMSD fluctuated from 0.3 to 0.4 nm up to 60 ns, after which it reached an equilibrium state. However, both complexes showed minor fluctuations at 150 ns. The RMSD graph confirmed that the stability of both complexes was well maintained at a constant temperature and pressure during the simulation ( Fig 1A) . Root mean square fluctuations (RMSFs) of the residues revealed that the POU HD and HMG domains of the Oct4/Sox2 3bp complex fluctuated more than those in the Oct4/Sox2 0bp complex ( Fig 1B) . The high flexibility of the Oct4/Sox2 3bp complex was mainly due to the loosely packed protein arrangement, as well as weak interactions between the Oct4 and Sox2 proteins. In both complexes, the POU S regions did not show much fluctuation, which was mainly due to the strong interactions with DNA [41] . In Silico Analysis of Oct4/Sox2 DNA Binding
Structural and dynamic analysis of the Oct4 and Sox2 proteins in the Oct4/Sox2 0bp and Oct4/Sox2 3bp complexes
In the case of the modeled Oct4/Sox2 0bp complex, the Oct4 and Sox2 DNA binding sites were adjacent. As a result, the binding of Oct4 with Sox2 brings the α1 helix of the POU S domain and the α3 helix of HMG domain close juxtaposition, enabling the formation of a strong, wellpacked interface with the DNA (bonding and non-bonding interactions) [12] . Most notably, Gly24 of the POU S domain in the α1 helix established a two-hydrogen bond with the side chains of Lys209 and Arg212 of the HMG domain in the α3 helix. Also, Lys209 of HMG domain established a two-hydrogen bond with Leu23 and Glu78 of POU S domain (Fig 2A) . These hydrogen bonds were maintained throughout the simulations (S1A Fig). In addition, Glu82 of the POUs domain in the α1 helix established a hydrogen bond with Arg202 of the HMG domain in the α3 helix, but this interaction was unstable due to conformational changes occurring during the MD simulation. Apart from hydrogen bonding, the complex was also optimized by non-bonding interactions particularly by the residues Ile21, Gly24, Glu51, and Asp75 of Oct4 and Arg206, Glu207, Lys209, Arg212, and Met216 of Sox2. Table 1 shows the residues that contributed to the intra-protein salt-bridge formation, bonding and nonbonding interactions observed during MD simulations in the Oct4/Sox2 0bp and Oct4/Sox2 3bp complexes. The Oct4/Sox2 3bp complex differs from the Oct4/Sox2 0bp complex by a 3 base pairs insertion between the DNA-binding sites of Oct4 and Sox2 (Fig 2B) . The increased gap between the binding sites for these proteins leads to an alternative inter-protein binding surface, as well as changes in the DNA-interaction surface. Thus, the corresponding orientation of Sox2 with respect to Oct4 changes by a 108.2°rotation around the axis of the DNA, which equates to an approximately 36.1°rotation per base pair insertion, based on the known structure of B-DNA [12] . The relative orientation resulting from the 3 base pairs insertion leads to an alignment of Oct4 in an opposite direction relative to Sox2, as depicted in Fig 2B. The 3 base pairs insertion between the binding sites increases the distance between proteins; hence, the chance of strong interactions between Oct4 and Sox2 are lower when compared to the Oct4/Sox2 0bp complex.
Interactions between Oct4 and Sox2 were maintained by the partial surfaces of the α1 POU S domain and the C-terminal loop of the HMG domain. Only one hydrogen bond was observed between Gly24 of the POU S domain and Arg227 (side chain) of the C-terminal loop of the HMG domain (Fig 2B) . The minimum distance between the residues was maintained throughout the simulations (S1B Fig). Other important residues involved in the non-bonding interactions were Lys17, Arg20, Asp29, and Glu51 of Oct4 and Glu207, Arg210, Lys223 and Arg225 of Sox2. The salt bridge was observed between Arg225 of Sox2 and Asp29, Glu82 of Oct4, and between Glu87 of Oct4 and Lys223 of Sox2 (Table 1) .
Conformational transitions and dynamic domain motions of the Oct4/ Sox2 0bp and Oct4/Sox2 3bp complexes PCA was used to study and analyze the distinct protein conformational states in a principal component (PC) phase space during the MD simulations [25, 42] . The conformational transitions of the complexes were studied by projecting their trajectories onto a two-dimensional subspace spanned by the first three eigenvectors (PC1, PC2, and PC3). Fig 3 shows that both complexes attained two conformational states on the subspace (shown in red and blue). The intermediate state located between these two conformations is shown with white dots. The conjoined distributions of PC1/PC2, PC1/PC3, and PC2/PC3 of the Oct4/Sox2 0bp complex revealed that the energetically unstable conformational state (scattered blue region) neared convergence and attaining a stable conformational state (compact red region; Fig 3A) . Consequently, the complex required a periodic jump between these conformations during proteinprotein and protein-DNA interactions (Fig 3A) . In case of the Oct4/Sox2 3bp complex, the conjoined distributions of the PCs indicated that the conformations were scattered and energetically less stable than the Oct4/Sox2 0bp complex (Fig 3B) .
The first eigenvector, PC1, reflected large-amplitude motions of the protein backbone conformations, as illustrated in the 'porcupine plots' for each complex (Fig 4) . For the Oct4/ Sox2 0bp complex, it was observed that the Oct4 and Sox2 proteins motion was limited due to its strong protein-protein and protein-DNA interactions. Sox2 had a more stable conformation because of its closely packed arrangement [11] and showed a lower magnitude of motion than 
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* Protein residues predicted to form contacts with DNA backbone. the Oct4 (Fig 4A) . Since the interaction-interface distance between the Oct4 and Sox2 proteins was higher in the Oct4/Sox2 3bp complex, the proteins tended to move away from each other (Fig 4B) . By measuring RMSFs, it was observed that these regions fluctuate more in the Oct4/ Sox2 3bp complex than in the Oct4/Sox2 0bp complex, which might point to the recruitment of In Silico Analysis of Oct4/Sox2 DNA Binding other proteins for stable complex formation [7] . The loosely arranged complex did not appear to restrict the magnitude of motion of Sox2. The direction of motion of the Oct4 linker region in the Oct4/Sox2 0bp complex was towards the interacting DNA molecule, but it moved away from the DNA molecule in the case of the Oct4/Sox2 3bp complex.
Correlations between the dynamic motions of the intra-and inter-domains of proteins were quantified through DCCMs [28, 29] . In the Oct4/Sox2 0bp complex, the Sox2 HMG domain showed a mixture of positive and negative correlative motions within the Oct4 domains (POU S and POU HD ) and the Oct4 linker region. The Oct4 domains, POU S and POU HD , also demonstrated negative correlative motions with respect to each other (Fig 5A) . The domain movement of the Oct4/Sox2 0bp complex was restricted because of its stable conformation, as depicted in Fig 4A. In the Oct4/Sox2 3bp complex, the Sox2 HMG domain showed a negative correlative motion with POU HD and POU S domains. In addition, Sox2 displayed a partially negative correlative motion within the linker region (Fig 5B) . The domain movements of the Oct4/Sox2 3bp complex were negatively correlated with each other, and opposite directions of motion were observed (Fig 4B) . In addition to the above analysis, we have also predicted that differential spacing occurs between the Oct4 and Sox2 binding sites for other target genes [9, 36, 37] , using SMS. These predictions may provide a better understanding of the nature of Oct4/Sox2 interactions at different target genes (S1 Table) .
Deterministic Oct4 linker region facilitates the different behavior of the Oct4/Sox2 0bp and Oct4/Sox2 3bp complexes
The Oct4 linker region (76-92 amino acids in Oct4) is a flexible segment that wraps around the DNA and functions to bridge the POU S and POU HD domains [7] . The unique N-terminal part of the linker region in Oct4 is folded in an α-helix, which acts as an interaction interface between proteins and plays a vital role during reprogramming by engaging epigenetic members to Oct4 target genes [7] . Fig 6A and 6B show the computed secondary structural changes in the linker region of both complexes. The Oct4/Sox2 0bp and Oct4/Sox2 3bp complexes have an α-helix between residues 77-81 in the initial structure. We examined secondary structure changes during the course of simulation. In the Oct4/Sox2 0bp complex, an α-helix was observed between residues 73-76 and 80-83 after a 20-ns simulation. Subsequently, the helix region between 73-76 residues disappeared, but residues 80-83 did not lose their helicity (Fig 6A) . For the Oct4/Sox2 3bp complex In Silico Analysis of Oct4/Sox2 DNA Binding after a 20-ns simulation, residues 80-83 attained a helical conformation and it sustained up to 50 ns. After 50 ns, the complex failed to maintain the α-helix conformation, but after 160 ns, the helical structure was observed again, this time within residues 79-85 (Fig 6B) .
Esch et al. [7] reported the importance of the linker region in maintaining pluripotency. The length of the Oct4 linker region ranges from 76-92 residues, which is shorter than the unconstrained Oct1 linker region [7] . The reprogramming property of Oct4 can be abolished by point mutations in the linker region [7] . Hence, the analysis of the linker region for the Oct4/Sox2 0bp and Oct4/Sox2 3bp complexes is of particular interest, and residue fluctuations in the linker regions of both complexes were analyzed in detail. The equilibrium trajectory of linker-region residues in the Oct4/Sox2 3bp complex showed fluctuations at residues 80-91 ( Fig   6C) . The RMSFs of linker-region residues in the Oct4/Sox2 3bp complex rose from 0.15 to 0.7 nm, whereas these fluctuations for the Oct4/Sox2 0bp complex increased from 0.15 to 0.18 nm.
In the case of the Oct4/Sox2 0bp complex, residue Glu82 of the Oct4 linker formed a salt-bridge interaction with Arg202 of Sox2 (S2 Fig). In addition, Gln91 formed a hydrogen bond with DNA at position DG25 (S2 Fig). In contrast, none of the interacting partners of the Oct4/ Sox2 3bp complex in the linker region were observed to form hydrogen-bond interactions.
Hence, the fluctuations of linker-region residues for Oct4/Sox2 3bp were greater than those of Oct4/Sox2 0bp , which may translate into an increased stability of protein-DNA complexes. Collectively, the secondary structure changes and fluctuations of the linker region may account for the different stabilities and pluripotency-inducing potentials of each complex.
Transcriptional mechanism of Oct4/Sox2-induced reprogramming, as predicted by MD simulations
The DNA conformation in both complexes was a perfect B-form double helix with bending in the Sox2-binding site that optimized the protein-DNA interface [12, 43] . The formation of hydrogen bonds between amino acid side chains and hydrogen-bond donors and acceptors of individual base pairs confirmed the occurrence of DNA sequence-specific interactions [43, 44] . Furthermore, the protein-DNA interaction was stabilized by the penetration of arginine into the minor groove of the DNA-binding site [45] .
As observed in our DNA-conformation analysis, a bend occurred in the DT5.DA34 and DT6.DA33 regions of the Oct4/Sox2 0bp complex. Some residues interacting with DNA at the Sox2-binding site were Arg167, Arg171, Ser186, Trp193, and Tyr224 and those of the Oct4-binding site were Thr45, Arg49, Ser56, Lys94, Arg95, Arg97, Asn143, and Gln146. A DNAskeleton structure with these interacting residues is illustrated in the figure (S3A Fig). Regarding the Oct4/Sox2 3bp complex, the bending-interaction interface was located to the DT4.DA43 and DT5.DA42 positions, where the Arg154 and Arg167 residues penetrated into the DNA base pairs, supporting their interaction stabilities. Arg154, Arg157, Asn160, Arg167, Ser183, and Ser186 were some of the major DNA-binding residues of Sox2, and Gln44, Thr45, Arg49, Ser56, Arg95, Arg105, and Gln146 were some of the major Oct4 residues that participated in DNA-binding interactions (S3B Fig). In addition, the residues Arg20, Arg225, Lys223, and Arg228 were involved in hydrogen bonding with bases DG11, DG10, DT9 and DT9, respectively (at the 3 base pairs separated binding sites) and may play an important role in heterodimerization of the Oct4/Sox2 3bp complex (S4 Fig) .
Hydrogen-bond interactions were studied to explore DNA-protein interactions, as summarized in S2 Table. AT-rich sequences are generally more flexible [45] and, hence, bending occurred at the AT-rich site for both complexes. Experimental evidence indicated that the 3 base pairs separated complex Oct1/Sox2/FGF4 exhibited bending in DC3.DG47 and DT6. DA44, as well as compression in the DT6.DA44 and DG7.DC43 regions [11] . However, no experimental evidence of interacting residues and bending sites has been reported for the Oct4/Sox2 0bp complex.
Sox2 binding is known to bend DNA to varying extents [3, 46] . The average bend angle was calculated between the first and last base pairs of DNA helical segments [47, 48] . In MD simulation for the Oct4/Sox2 0bp complex, Sox2 binding caused the DNA to bend between 40°and 70°t
hroughout the simulation, and the bending was constant because of the tightly packed arrangement of Sox2 and its strong interactions with the DNA (Fig 7A) . The DNA-bend angle for the Oct4/Sox2 3bp complex was found to be between 60°and 100° (Fig 7A) , with mild fluctuation during the simulations, as observed with the PCA data (Fig 4B) . The observed DNA-bend angles for both complexes were in agreement with previous experimental observations [11, 12] . Although the complexes had a perfect B-form DNA in their crystal structures [12] , both DNAs underwent conformational changes during MD simulations. For the Oct4/ Sox2 0bp complex, the helix twist and inclination parameter were found to be 33°and 15°, respectively ( Fig 7B) . In addition, the rise value was 3.4 Å and the roll parameter was 9°( Fig  7C) . The Oct4/Sox2 3bp complex showed a helix twist ranging from 30°to 33°, an inclination of 10°, a rise of 2.7 Å to 3.1 Å, and a roll of 2°to 5° (Fig 7B and 7C) . The perfect A-form DNA had a helix twist of 33°, an inclination as 21°, a rise value as 2.56 Å, and a roll as 6° [49, 50] . Thus, the DNAs of these complexes were beginning to make a conformational switch from the B form to the A form during the simulation (Fig 7B and 7C) .
Binding affinity analysis of protein-DNA complexes
With the Oct4/Sox2 0bp complex, binding free energy calculations showed that most favorable contributions to the binding process arose from non-bonding electrostatic interactions. The polar solvation energy, which is an unfavorable contribution to the binding free energy, appeared to be highly positive. Nonpolar interactions favorable for the binding process are normally restrained by polar solvation interaction in protein-DNA complexes [15] . The total binding free energy for the Oct4/Sox2 0bp complex was calculated as -216.208 kcal mol
, whereas the total binding free energy of the Oct4/Sox2 3bp complex was -165.829 kcal mol −1 . Both complexes showed favorable van der Waals, electrostatic, and non-polar energy values (Table 2) . Thus, the binding free energy of Oct4/Sox2 0bp was higher than that of the Oct4/Sox2 3bp complex.
Per-residue free energy contributions in protein-DNA complexes
To characterize and identify the key residues of the Oct4 and Sox2 proteins in both complexes, per-residue free energy decompositions was performed to obtain their individual residue energy contributions, as shown in S3 Table. In the Oct4/Sox2 0bp complex, residues Arg20, Arg95, Arg97, Asn143, Arg154, Arg157, Arg171, and Arg227 were among the major contributors for protein-DNA interactions with favorable decomposition free energies. In the Oct4/ Sox2 3bp complex, residues Arg20, Lys40, Arg95, Arg97, Arg145, Arg154, Lys156, Arg157, In Silico Analysis of Oct4/Sox2 DNA Binding Arg227, and Arg228 were potentially important (S3 Table) . Other residues such as Arg, Lys, Pro, Gln, Thr, and Asn also participated in protein-DNA interactions for both complexes. The key residues identified by the per-residue decomposition assay, as well as previously reported residues, [7, 11, 12] are discussed below. Previous experimental data demonstrated that replacing Lys57 (designated as Lys209 in this study) with Glu57 caused unfavorable charge-charge repulsions [4] . Results from our per-residue decomposition assay showed that residue Lys209 provides structural stability by contributing binding affinities of -0.136 kcal mol -1 and -0.252 kcal mol -1 to the Oct4/Sox2 0bp and Oct4/ Sox2 3bp complexes, respectively (S3 Table) . The crystal structure of the Oct1/Sox2/FGF4 complex showed that salt-bridge formation between these proteins is mainly facilitated by residue Arg75 of Sox2 (Arg227 in our study) and Asp29 of Oct4 [11] . However, residue Asp29 did not noticeably contribute to the binding free energy of both complexes. Residue Arg227 is an important residue for protein-DNA interactions with decomposition energy of approximately -12 kcal mol -1 in both complexes.
The key residues Lys17, Arg20, Arg212, Arg227, and Arg228 of both complexes were highlighted in our non-bonding interaction studies ( Table 1 ). The binding-affinity calculations and decomposition energy values highlighted differential behaviors of critical amino acids in the Oct4/Sox2 complexes involved in DNA recognition.
The binding free energy calculations, which were initially performed using the GROMACS tool (g_mmpbsa) [51] , gave higher binding free energy values, which may be due to limitations or parameter settings with this tool when calculating protein-DNA affinities. Hence, the results from g_mmpbsa (S4 Table) were considered imprecise, and AMBERTools (MMBPSA.py) was used to calculate binding free energies, due to its advanced algorithm and its wide acceptance by users.
Discussion
In this study, the structural orientation and cooperative binding of Oct4 and Sox2 in the Oct4/ Sox2 0bp and Oct4/Sox2 3bp complexes were analyzed using MD simulations. The experimental results by Jauch et al. [52] suggested that strong cooperative binding occurred between Oct4 and Sox2 in canonical and compressed elements [12, 52] . However, the Oct4/Sox2 heterodimerization considerably decreased when 1 or 2 base pairs were added in the DNA-binding site interface [52] . This decrease in heterodimerization may be due to the rotational positioning of the Oct4 and Sox2 proteins with the insertion of intervening base pairs (36.1°per base pair insertion) [12] . The rotational positioning of all these complexes is represented in S5 Fig. Inter estingly, the heterodimerization was not affected when 3 base pairs were included in the interface [52] . In addition, experimental data suggest that a lower quantity of Sox2 is required for Oct4-Sox2 heterodimerization in the Oct4/Sox2 0bp complex than is required for Oct4/Sox2 3bp [52] . Moreover, the induction efficiency was higher for the former than the latter [11, 12, 52] . Our MD-simulation results and structural-analysis data explain why the Oct4/Sox2 0bp complex shows greater induction rate than the Oct4/Sox2 3bp complex, suggesting the importance of structural modifications in the process. Sox proteins shape the DNA-binding interface and facilitate the consecutive recruitment of other transcriptional regulators [3] . Thus, different Sox-family proteins may bend the DNA to various angles and cause diverse biological responses [8] . Moreover, Scaffidi et al. [53] reported that a single-nucleotide substitution in the Sox2-binding site caused the DNA molecule to bend differently, resulting in a different transcriptional magnitude [53] . The crystal structure illustrated that Sox2 bends DNA between 50°and 90°, whereas our MD simulation showed that the bend angle was maintained at approximately 45°to 80°, for both complexes (Fig 7A) , which is in agreement with previous experimental results [11, 12] . In addition, Sox2 binding bends the DNA and thus causes it to unwind at the Sox2-binding site [11] . The helix twists (~33°) and roll parameters (~6°) (Fig 7B) indicated that the DNA in both complexes matched with the characteristics of A-form DNA [49, 50] , while the rise (~3.1Å) parameter indicated that the DNAs adopted B-form characteristics (Fig 7C) . Although the crystal structure for both complexes showed that the associated DNA was in the B-form [12] , the DNA underwent a conformational change from B-DNA to A-DNA during our MD simulation.
Proteins are generally dynamic in nature. When they bind to DNA, the protein-DNA interaction alters the protein conformation towards an energetically favorable conformation to support transcription [54] . Because the Oct4/Sox2 complex plays an important role in reprogramming, understanding the local and global transitions of this complex is critical. During our MD simulations, we found that the conformation of Oct4/Sox2 0bp complex undergoes a transition state (Fig 3A, from blue to red conformation), including an equilibrium shift required for protein-protein and protein-DNA interaction. After the transition, the complex becomes converged and reaches stable conformational state (Fig 3A) . In contrast, the Oct4/ Sox2 3bp complex transitions through a wider range of conformational states ( Fig 3B) and failed to obtain a converged or stable energy state. In addition, the Oct4/Sox2 3bp complex underwent increased fluctuations in HMG and POU HD domains (Fig 2B) because of its weaker proteinprotein interactions. Therefore, the complex may require additional epigenetic factors to achieve a stable conformational state. PC1 captures the highest and most meaningful conformational motions, clearly explaining the transitional motions of Oct4 and Sox2 proteins. The Oct4 and Sox2 proteins in the Oct4/ Sox2 0bp complex were experiencing limited motion mainly because of its stable protein-protein and protein-DNA interactions ( Figs 4A and 1B) . In contrast, with the Oct4/Sox2 3bp complex, both the Oct4 and Sox2 proteins tended to move away from each other with respect to the DNA, plausibly weakening the protein-protein and protein-DNA interactions (Fig 4B) . Furthermore, we compared our PCA results with those of the DCCM analysis. The DCCM map of the Oct4/Sox2 0bp complex revealed restrictive positive and negative correlative motions between Sox2 HMG domain and the POU HD and linker domains of Oct4 (Fig 5A) , owing of its stable conformation upon DNA binding (Fig 4A) . In contrast, the Oct4/Sox2 3bp complex showed negative correlative motions between the Sox2 and Oct4 domains (Fig 5B) , and hence they moved in opposite directions (Fig 4B) . Our PCA observations were further supported by the results of the DCCM analysis.
The unique linker region, which determines the reprogramming efficiency of the Oct4 protein, is structured as an α-helix (α5) and functions to attract other epigenetic factors to Oct4 for reprogramming [7] . Thus, the changes observed in the Oct4 linker region during the MD simulations are important. In the crystal structure, the Oct4 linker formed an α-helix between residues 76-82. The Oct4/Sox2 0bp complex showed a stable helical structure in the linker throughout the simulation (Fig 6A) . In contrast, the Oct4/Sox2 3bp complex maintained an α-helix during the initial stage of simulation, lost its helical structure after 50 ns, and regained the helical structure after 160 ns, indicating a higher degree of structural fluctuations in the linker when the interacting proteins had greater separation (Fig 6B) . The unconstrained Oct4 linker residues of the Oct4/Sox2 3bp complex observed in the RMSF graph provided evidence of its higher flexibility (Fig 6C) . MD simulation studies on other proteins have shown that flexible regions play an important role in recruiting other proteins [7, 55] . Based on those observations, we hypothesize that linker region may also recruit other epigenetic factors. Based on the structural dynamics, we observed the non-converged conformational state, opposing Oct4 and Sox2 domain movements, and highly flexible Oct4 linker region that are specific for the Oct4/Sox2 3bp complex. Due to this specificity, this complex may recruit other possible epigenetic factors and facilitate the reprogramming process. The whole complex-formation process may take place through sequential events that lead to reduced efficiency during reprogramming. However, for the Oct4/Sox2 0bp complex, stable complex formation occurred, which was oriented towards the DNA center, and there may be no need for the complex to recruit other proteins for stabilization. Thus, the induction rate is higher for this complex. The binding free energy calculations indicated that both complexes showed stable protein-DNA interactions with favorable binding free energy values (Table 2 ). The protein-protein and protein-DNA interacting residues along with the key residues identified from the per-residue decomposition assay are in agreement with previous experimental data [7, 11, 12 ]. An increasing number of reports on the structural analysis and MD simulations of transcription factors have provided deeper understandings in the field of computational biology [56] [57] [58] . Moreover, results from a recent MD-simulation study demonstrated that the mechanism of Oct4 binding to DNA is modified by Sox2 [59] . In agreement, our MD-simulation study on Oct4/Sox2 0bp and Oct4/Sox2 3bp complexes showed that structural changes in the Oct4 and Sox2 proteins are responsible for their differences in induction rates during reprogramming. Furthermore, naturally occurring Oct4/Sox2 target genes are observed to have 0-base pairs separations at their binding sites [9, 37] , which explains the more prevalent and prominent nature of Oct4/Sox2 0bp complex. Nevertheless, further analysis of the predicted target genes (S1 Table) with differentially spaced Oct4/Sox2 binding sites may provide a better understanding of the structural and functional behaviors, and efficiencies of the Oct4/Sox2 complex. Overall, the mechanism behind the distinct efficiencies of differentially spaced Oct/Sox2 complexes at the molecular level was analyzed. It is concluded that the Oct4/Sox2 DNA-binding sites with 3 intervening base pairs results in comparatively less stable conformation states because of the unstructured and flexible Oct4 linker region. This unstable linker may require additional binding partners to attain a stable conformation and to cause a higher induction rate during reprogramming. However, the Oct4/Sox2 binding site with 0 intervening base pairs showed an overall stable conformation including the Oct4 linker region, which potentially enables the complex to promote efficient induction during reprogramming. Computational approaches are helpful in understanding the mechanisms underlying experimental data and structure-function relationships between stem cell factors, which pave the way for advances in stem cell biology. 
